We examine a warped Higgsless SU (2) L × SU (2) R × U (1) B−L model in 5-d with IR(TeV)-brane kinetic terms. It is shown that adding a brane term for the U (1) B−L gauge field does not affect the scale (∼ 2 − 3 TeV) where perturbative unitarity in
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We examine a warped Higgsless SU (2) L × SU ( We also show that null searches for extra gauge bosons at the Tevatron and for contact interactions at LEP II place non-trivial bounds on the size of the IR-brane terms.
Introduction
As we enter the era of the LHC experiments, it is appropriate to examine the features of various approaches to Electroweak Symmetry Breaking (EWSB). One of the latest attempts for describing EWSB is the proposal of Refs. [1, 2] . In this approach, a judiciously chosen set of boundary conditions in a 5-d Higgsless SU (2) (2) symmetry present in the SM [8] .
It has been shown [2, 5, 8] that due to the presence of the SU(2) D custodial symmetry, this Warped Higgsless Model (WHM) enjoys good agreement with precision EW data at the level of a few percent. However, it has been argued [6, 7] and demonstrated [9] that the region of parameter space in the WHM that results in good agreement with the EW data leads to perturbative unitarity violation (PUV) in W + L W − L scattering at energies of order ∼ 2 − 3 TeV. Furthermore, a scan of the parameter space of the WHM shows that the scale of perturbative unitarity violation is never significantly raised, even in those regions where comparisons with the precision measurements are anticipated to be quite poor [9] . To restore unitarity in gauge boson scattering, additional new physics is required at or below the RS ‡ In the RS background, holographic arguments based on the AdS/CFT correspondence [4] have been useful in elucidating the features of the Higgsless theory [2, 5, 6, 7] .
cutoff of the effective theory on the TeV-brane. Even though this does not by itself rule out the model, it suggests that interactions in the gauge sector are problematic above the TeV scale.
To address some of these issues, the authors of Ref. [10] have examined the effects of including IR(TeV)-brane terms for the U(1) B−L and the custodial SU(2) D gauge symmetries.
It is well-known that the introduction of brane terms can alter the couplings and masses of the corresponding Kaluza-Klein (KK) tower states [11] and this would hence affect their contributions to the precision EW observables and to W + L W − L scattering. These authors concluded that the addition of the U(1) B−L brane term could lead to improved agreement with the EW data, and, in addition, lowers the mass of the lightest KK state to ∼ 300
GeV. Light KK states are generically expected to help restore perturbative unitarity in high energy gauge boson scattering, however the analysis of Ref. [10] did not quantify this point.
In this paper, we also study the effects of the IR-brane kinetic terms associated with both the U(1) B−L and SU(2) D symmetries; here, we pay particular attention to low energy perturbative unitarity violation. For the U(1) B−L boundary term, we find that the scale of PUV in the model is independent of the size of the brane term. We also demonstrate that increasing the ratio of the 5-d couplings, κ ≡ g 5R /g 5L , improves the agreement with the tree-level SM relations in the electroweak sector, but lowers the scale at which perturbative unitarity is violated, similar to our previous results [9] . In the case of the SU(2) D kinetic term, we find that perturbative unitarity violation in W + L W − L scattering could be delayed to center of mass energies of order ∼ 6 − 7 TeV. However, agreement with the tree-level SM relations is rather poor, with the disparity worsening as the size of the SU(2) D brane term increases. In addition, we compare the predictions for the lowest lying gauge KK state to the searches for new gauge bosons at the Tevatron Run I and II and for contact interactions at LEP II and find that the collider bounds restrict the potential size of the IR-brane kinetic terms. However, these collider bounds allow for the PUV scale to approach 6 − 7 TeV. We describe our setup in the next section. The EW and collider constraints are discussed in section 3. Perturbative unitarity in this model is the subject of section 4 and our concluding remarks are given in section 5.
The Model
Here, we briefly discuss the modifications induced in our earlier analysis [9] due to the presence of the U(1) B−L and SU(2) D brane terms; these changes are quite straightforward.
We employ the notation introduced in our previous work. In what follows, when we consider the effects of the U(1) B−L kinetic term we also include the UV-brane terms associated with the SU(2) L and U(1) Y symmetries in our analysis; these UV kinetic terms were included in our earlier results. However, for simplicity, we omit the UV terms in our study of the
The introduction of new kinetic terms on the TeV brane leads to a shift in the original action (given in Eq.(4) of Ref. [9] ) by an amount In calculating the couplings to both fermions and W ± pairs for the photon, the Z, as well as the rest of the KK tower states, one of the dominant effects due to the new brane terms is the shift in the normalizations of the W ± n and Z n wavefunctions. These normalizations now pick up additional terms; for the case of the Z n , in comparison to our earlier result (Eq.(50) of Ref.
[9]); we now obtain:
where χ n i are the wavefunctions for the relevant gauge KK state, and λ is defined as the ratio λ ≡ g 5B /g 5L . A similar shift in the W ± n normalization also occurs,
These new TeV brane terms also lead to additional contributions to the normalization of the photon wave function,
where α L is a numerical constant which is determined from the boundary conditions and appears in the KK decomposition of the A 
Precision Measurements and Collider Bounds
Our analysis now proceeds by analogy with our earlier work [9] : we hold M W,Z as well as the UV-brane kinetic terms δ L,Y fixed and explore the parameter space spanned by the parameters κ and δ B,D .
We previously introduced the three different quantities related to the weak mixing angle: sin
(where g W 1 is the coupling of the particle we identify as the W to the SM fermions), and sin 2 θ ef f , which is defined at the Z-pole. All three must take on the same value at the tree-level in the SM. They can differ significantly in the present scenario; however, there are preferred parameter space regions, i.e., when κ is large [9] , that yield consistent values. The first question to address here is the variation of sin 2 θ eg,ef f with respect to the fixed on-shell value, sin 2 θ os , as δ B,D are allowed to change for fixed κ. The results of this analysis are shown in Fig. 1 . In the top panel we observe that sin 2 θ ef f is δ B -independent, which we have verified analytically, while sin 2 θ eg increases as δ B
increases. In fact we see that for κ = 1 (3) Another quantity of interest is the value of the overall strength of the Z boson coupling, denoted as ρ Z ef f , and in particular, its deviation from unity, i.e., δρ
This deviation is related to the pseudo-oblique parameter T * as T * /α ≡ δρ Z ef f . The pseudooblique parameters are defined in such a way so that they all take on the value zero in the tree level SM. They are introduced to guide our thinking about the direction in parameter space which approaches the SM. We note that it is important not to confuse these pseudooblique parameters with the conventionally defined purely oblique S, T, U. The dependency of δρ The other pseudo-oblique parameters S * , U * , as defined in Ref. [9] , are also functions again preferred. In the case of δ D we see that both S * and U * move away from the SM limit with the shifts being much more significant in the case of κ = 1.
Our approach to calculating the pseudo-oblique observables, S * T * U * , differs from that of ST U as calculated by Csaki et al. [10] . In our approach, we numerically fix the masses of the first charged and neutral gauge KK excitations to be those of the physical W and Z bosons observed at colliders. We use these as input to our analysis, together with the strength of the charged current coupling determined by G For example, one can imagine that for model building purposes, the right-handed top-quark might be moved away from the Planck brane; this could significantly alter the bounds from the Tevatron but those from LEP II would remain intact.
As we will see below, the masses of the first W and Z KK excitations must be relatively light, ≤ 1 TeV, for there to be any impact on PUV. Though their couplings to the SM fermions are somewhat reduced, such states will not escape detection at the LHC and may even be observed in the near future at the Tevatron. The first neutral KK state may be sufficiently light to be produced on resonance at a TeV-scale linear collider.
Unitarity in
We will now investigate the question of whether perturbative unitarity is preserved in this model. As before, we examine the amplitude for the W
process. In Ref. [1] , two sum rules were derived that insure the cancellation of terms growing with energy at high energy. Here, we find that, as in our previous analysis, these sum rules are satisfied to good precision once sufficient KK states are included. However, these sum not small, we use the full tree-level amplitude from Ref. [15] . We numerically calculate the couplings using the δ B,D generalized versions of Eq. (67) from Ref. [9] . We then numerically evaluate the amplitude and apply the partial wave unitarity condition |Re a 0 | ≤ 1/2, where a 0 is the zeroth partial wave amplitude. The couplings were obtained independently on two different computing platforms, Maple and Mathematica. The partial wave amplitude was computed independently by three calculations, using Mathematica and Fortran. We have included all KK states with masses up to 10 TeV and checked that the results are stable against including more states. For δ B = 0 , δ D = 0 we find that perturbative unitarity is violated and, furthermore, the scale of PUV is independent of δ B . For κ = 1 the violation occurs at 3.8 TeV; for κ = 3 it occurs at 1.9 TeV, close to the SM value. We have also checked the case δ L = 0, δ B = 4, κ = 1 which roughly corresponds to the case studied in [10] ;
we found PUV at 3.15 TeV. For non-zero δ D , with all other δ i set to zero, we find that the scale of PUV is increased over some of the parameter space, reaching energies ∼ 7 TeV, as displayed in Fig. 8 .
These results can be understood heuristically. Naively, one expects that the unitarity violations will be softened as the masses of the KK states contributing to unitarity restoration are lowered. Hence, one expects that a high value of δ B will at least raise the scale of unitarity violation. However, note that gauge boson scattering is a fundamentally nonAbelian process. In the present model, it is therefore an SU(2) L process, and should not depend on the U (1 A note about numerical instabilities is in order. We find that the sum rule governing the coefficient of the s 2 term is satisfied at the level of 10 We performed a limited exploration of the full parameter space and found it is possible that a combination of the two IR-brane terms may result in a reasonable consistency with the tree-level SM relations.
In its original form, the WHM has some difficulties in the gauge sector in that pertur- 
